A review of turbine-burner research and a discussion of some relevant background issues for this emerging technology are presented. The thermal cycle analysis for augmentative combustion in the passages of the turbine on a turbojet or turbofan engine is discussed, identifying the potential for dramatic improvements in engine performance. The substantial challenges of augmentative combustion integrated with the turbine function are outlined, including the need for flame stabilization in accelerating flows at the 10 5 g levels. Research findings on reacting mixing layers in accelerating flows and flameholding in high-speed flows are reviewed. Descriptions are given of various types of compact combustors which can be used as main combustors or augmentative combustors between turbine stages. An overview is given of recent computational research at UCI on the stabilization of flames in accelerating and turning flows. Two-dimensional computations for Reynolds-averaged turbulent flow through straight and turning channels are discussed. Quasi-two-dimensional representations of reacting, converging (and converging/ turning) channel flows are examined. Two-and three-dimensional computations for time-dependent transitional flows through passages are given for cases with and without cavities. Rossiter modes, found only for the non-reacting cases, are discussed. Various configurations for injection of fuel and air into the cavity are examined. Cavity placements on the inside and outside of the turn are studied to provide different centrifugal accelerations. Some indications for optimizing the cavity design are presented. Effects of the cavity length and depth, injection orientation for fuel and air into the cavity, passage turning radius, and Reynolds number magnitude are discussed.
I. Introduction
Gas-turbine-engine designers want to increase the thrust-to-weight ratio and to widen the range of engine operation. One major consequence of such improvements is that the residence time in the primary combustor can become shorter than the time required for complete combustion. Combustion would then extend into the turbine passage, which at first sight is troublesome because it can lead to an increase in heat-transfer challenges. However, a significant benefit can result from augmented burning in the turbine. Sirignano and Liu [1] have shown by thermodynamic analysis that augmented combustion in the aircraft turbojet engine allows for (i) a reduction in afterburner length and weight, (ii) a reduction in specific fuel consumption compared to after-burner engines, and (iii) an increase in specific thrust compared to an engine with no augmenter. The increase in specific thrust implies that 3 larger thrust can be achieved with the same engine cross-section or that the same thrust can be achieved with a smaller cross-section (and therefore still smaller weight). A turbine burner might also allow fewer turbomachinery stages without reducing thrust or increasing fuel consumption substantially. Similarly, for ground-based engines, turbine-burner benefits have been shown by thermodynamic analysis to occur in power/weight and efficiencies [1] .
There are various options for location of an augmentative combustor. The original study in Ref. [1] refers to the continuous turbine-burner concept (CTB), in which combustion continues in the stator and rotor. An option to avoid complications with burning in a stator or rotor stage is the inter-turbine-burner concept (ITB) [2] . For example, one possibility is to use the transition duct between the high-pressure and low-pressure turbine stages. Another intermediate possibility is to use the turbine stator (nozzle) passages as combustors (one combustor between each set of vanes). One consequence of this latter choice is that significant acceleration of the flow would occur while mixing and reaction are underway. A third hybrid choice is that both the transition duct and the first stator (turbine nozzles) in the low-pressure turbine would serve as the combustion chamber. That is, combustion processes would begin in the transition duct but extend into the stators. All options require compact combustors, i.e., small size, with associated reductions in residence time.
In order to take advantage of a combustor in the stators, it is necessary to address some fundamental combustion and fluid dynamic challenges. The compressible, turbulent flow through the turbine passages accelerates in the stream-wise direction while experiencing a transverse acceleration associated with the turning of the flow. Each of these accelerations can reach 10 5 g [1] . The flow accelerates from subsonic speeds to supersonic speeds in a very short distance. Therefore, flame holding is a challenge. Temperature, density, and species concentration gradients occur in this flow due to the addition of fuel, mixing and combustion. The transverse acceleration of the stratified mixture can result in hydrodynamic instabilities that might significantly affect energy conversion rates, heat transfer rates to the turbomachinery, force loading on the turbine blades, and the character of the turbulent flow. Combustion in high-acceleration flows is an important new area of applied scientific research. In order to understand some of the issues concerning burning in the passages of the turbine of a turbojet or turbofan engine, it is useful to review some of the research in four relevant areas: thermal cycle analysis; reacting free mixing layers in accelerating flows; reacting, turbulent mixing layers in turning and converging channel flows; and reacting, transitional, mixing layers in turning and converging channel flows. Then, we will discuss more recent studies on injection and burning of fuels in cavities adjacent to turning and converging channels at transitional Reynolds numbers. Fig. 1 shows a schematic for a representative turbofan jet engine. The main combustor is located between stations 3 and 4. Three possible locations are shown for the augmentor: the classical afterburner can be placed between stations 5 and 6; fuel can be added to the secondary bypass air-stream with the burner between stations 3f and 4f; and a burner can be embedded in the turbine between positions 4 and 5. Here, we focus on this last choice, namely the turbine burner. In Fig. 2 , the temperature-entropy plot gives a comparison of the thermal cycle between a turbojet engine with an afterburner and the engine with both an afterburner and an idealized (i.e., constant temperature) continuous turbine burner. The constant temperature through the turbine stages implies that combustion heat is added at the same rate as work is done on the turbine; clearly this is an idealized description but the cycle comes closer to the Carnot cycle, resulting in higher thermal efficiency and at the same time providing higher specific power or specific thrust because of the additional fuel burn per unit core engine mass flow rate. The turbine-burner concept [1] at first involved continuous burning in the turbine. An extended concept includes not only continuous burning in the turbine but also 'discrete' inter-stage turbine-burners as an intermediate option [2] . Figure 3 shows the concept for the inter-turbine burner. In parts (b), (c), and (d), we see augmentative combustors between consecutive turbine stages. Between the stages, fuel injection and burning lead to a monotonically increasing temperature in that region, immediately followed by a sharp temperature decrease through the turbine stage. In examining part (d), we see that as the number of burners goes to infinity the continuous combustion (constant temperature) burner of part (a) is approached asymptotically.
II. Thermal Cycle Analysis
We can consider a few turbine configurations that differ in some aspects but still are described thermodynamically in Fig. 3 . The inter-stage burner would have combustion occurring between the rotor of an upstream stage and the stator of the downstream stage. Then, the portion of the diagram in Figs. 3b, c, and d with increasing temperature describe the burner; the sharp temperature drop at constant or near-constant entropy pertains to the turbine stage (nozzle and rotor) where thermal energy is converted to work. Another interpretation which motivates our research is that the combustion is occurring within the nozzle which causes an increase in thermal energy while some of that thermal energy is converted to kinetic energy. Then, the temperature drops sharply in the downstream portion of the stator and the rotor where again thermal energy is converted to kinetic energy and the kinetic energy then is converted to work. In the ideal situation, combustion would occur in both the stator and rotor portions of each stage with addition rates balancing the rates for conversion to kinetic energy and work so that temperature remains constant through all stages. The configuration which combines the combustor with at least a portion of the turbine stage should produce an engine of smaller size and weight. So, our research has focused on the integration of the burner with the turbine nozzle. We leave for future research the combination of the burner with the rotating portion, i.e., the CTB concept. .
A detailed cycle analysis has been made on the performance of turbojet and ground-based gas-turbine engines with combustion in the turbine. Instead of using idealized cycles, component efficiencies based on typical engines were used. It was found that the performance gains of the continuous turbine-burner over a conventional engine based on idealized cycles still stand when more realistic component efficiencies are included. In fact, the turbine-burner configurations appear even more beneficial for realistic engines than for idealized engines, especially at high compressor compression ratios and higher flight Mach numbers. This occurs because the turbine-burner has the advantage of providing sufficient power to drive the compressor with less stagnation pressure drop across the turbine stages. The detailed analysis, computational results and discussions were presented in Reference 1. Some results follow. Figure 4 shows performance comparisons among the different configurations for varying pressure ratios at the flight Mach number M=2.0 with maximum allowable turbine inlet temperature T 04 =1500 K and maximum afterburner temperature T 06 =1900 K. The turbine power ratios are fixed at 40:60 and 33:33:34 for the 1-ITB and 2-ITB engines, respectively. The turbine-burner produces more thrust than an engine without an augmenter but at the cost of increased fuel consumption for current compressor ratio values. At the higher compressor ratio values projected for the future, the turbine burner is superior in both thrust and fuel consumption. More thrust and higher fuel consumption occurs as more turbine burners are employed. The engine with afterburner produces more thrust 6 but consumes significantly more fuel compared to both the conventional and the turbine burner engines. The advantage of the turbine-burner engines in both fuel consumption and thrust levels over the after-burner becomes greater at the high compression ratios, with the turbine-burner providing comparable or even more thrust at a much reduced fuel consumption rate. The engine with both afterburner and turbine burner is superior to the afterburner engine in both thrust and fuel consumption for all pressure ratios explored. Fig. 5 gives the same data from Fig. 4 as a plot of specific fuel consumption versus specific thrust with compressor ratio as a running parameter along the curves. Clearly, turbine-burner engines are able to provide significantly higher specific thrust at almost the same specific fuel consumption rate as that of a conventional engine without afterburner. With the same afterburner, addition of the turbine burner not only increases specific thrust but also reduces the specific fuel consumption rate. The results in Fig. 6 show the performance over the flight Mach number range up to 2.5 for the same turbojet engine as for Fig. 4 but at a fixed compressor pressure ratio of 40. The qualitative effect of Mach number is identical to that of compressor ratio. Below a Mach number of about 2, the turbine-burner produces more thrust than an engine without augmenter but at the cost of increased fuel consumption. At higher Mach-number values, the turbine burner is superior in both thrust and fuel consumption. The engine with afterburner provides more thrust but consumes more fuel for much of the Mach-number range. At the higher Mach numbers, the turbine burner becomes even more superior in fuel consumption and competitive or slightly better on thrust compared with the afterburner engine.
The above analysis for turbojet engines was further extended to include turbofan engines [2] . Thermodynamic cycle analyses were performed to compare the relative performances of the conventional engine and the turbine-burner engine with different combustion options for both turbojet and turbofan engines. Turbine-7 burner engines are shown to provide significantly higher specific thrust with no or only small increases in thrust specific fuel consumption compared to conventional engines. Turbine-burner engines also widen the operational ranges for flight Mach number and compressor pressure ratio. The performance gain of turbine-burner engines over conventional engines increases with compressor pressure ratio, fan bypass ratio, and flight Mach number. See Reference 2 for more details on the analysis.
Figs. 7a-7b compare the performances as functions of Mach number of a sample Continuous TurbineBurner (CTB) turbofan engine, several discrete Inter-stage-Turbine-Burner (ITB) turbofan engines, and the conventional turbofan engines all with a turbine inlet temperature of 1500K (afterburner temperature 1900K if used). The conventional turbofan engines are optimal at relatively lower compression ratios and bypass ratios while the turbine-burner engines favor higher compression and bypass ratios as discussed in detail in Ref. [2] . The comparisons made in Fig. 7 are between the conventional turbofan engines with compressor pressure ratio of 30, fan pressure ratio of 1.65, and bypass ratio of 8 and the turbine-burner engines with compressor pressure ratio of 60, fan pressure ratio of 1.75, and bypass ratio of 12. These figures show that the turbine-burner engines are far superior to their base engine counterparts operating at their own favored conditions. The 1-ITB engine provides about 50% increase in specific thrust (based on core engine mass flow rate) over the base engine, even more than the thrust of the base engine with the afterburner, while its specific fuel consumption rate is lower than or equal to that of the base engine without the afterburner for the entire subsonic flight range. At Mach number 1, the 2-ITB engine produces 80% more specific thrust while incurring only about 10% increase in specific fuel consumption rate; the CTB engine is capable of producing 120% more thrust with about 15% increase in specific fuel consumption rate compared to the base engine. More significantly, the 2-ITB and the CTB engines are capable of operating over the entire 0 to 2 flight Mach range. The conventional base engines cannot operate beyond Mach 1.25. Fig. 8 shows performance of various turbine-burner configurations of a turbofan engine as a function of fan bypass ratio at flight Mach number 0.87 with the turbine inlet temperature of 1500K, compressor pressure ratio 40 and a fixed bypass ratio of 8. At high bypass ratios projected for the future, the turbine-burner engine surpasses the afterburner engine (with afterburner outlet temperature of 1900K) in thrust and becomes competitive with the non-augmented engine in fuel consumption. The thermodynamic cycle for a ground-based turbine-burner engine without heat regeneration when compared to a conventional gas-turbine engine gives a dramatically larger specific power although the thermal efficiency is slightly lower than that of the conventional engine. See Fig. 9 . However, with heat regeneration and the turbine burner, both specific power and thermal efficiencies are higher than in the conventional configuration with heat regeneration but without turbine burner. A 10%-20% increase in efficiency can be achieved. The increase in specific power is particularly dramatic; a more than two-fold increase in specific power can be achieved at the higher compressor pressure ratio end. Higher specific power means a smaller engine, with its various benefits, for the same power level. It is to be noted that cooling requirements will have significant impact on the relative performance of the turbine-burner engines. On one hand, the use of CTB and ITBs appears to increase the need for turbine blade cooling (for the same temperature), which reduces the benefit of the turbine-burner engines. On the other hand, one should be reminded that because of the use of the CTB or ITBs, the combustor temperatures can be reduced to maintain still the same or higher thrust/power levels and thermal efficiencies. Thus the amount of cooling may actually be reduced and in addition we have the added benefit of reduced NOx emission because of the lowered burner temperature. Chen et al. [3] included various cooling models in their investigation and concluded that the performance gains of the turbine-burners were greatly reduced for aircraft engines but significant gains still stood for ground-based engines.
Their comparisons were made between engines using the same turbine inlet 9 temperatures. Liew et al. [4] also studied the effect of cooling. They properly compared engines with different burner-temperatures and confirmed that indeed the turbine-burner engines provided "higher specific thrust, improved thermal efficiency, less cooling air, and possibly less NOx production" when the burner temperatures are properly chosen.
III. The Challenges
We have shown thermodynamically that substantial improvements in performance are theoretically possible with the turbine burner, especially at the higher compression ratios and bypass ratios projected for future designs. It remains now to realize these improvements by addressing the challenges of combustion within the turbine stage itself. In Fig. 10 , the stator and rotor passages are seen in cross-section on a "rolled-out" cylindrical surface. Flow from the main combustor enters the stator passages from the left. The stator vanes turn the flow and the stator passages have a change in cross-sectional area: a convergent section to a throat followed by a divergent section. The flow is accelerated from low subsonic speeds to low supersonic speeds. The streamwise and turning accelerations can each be 10 5 g = 10 6 m/sec 2 . Residence time in the stator passage can be of the order of a millisecond or less.
The rotor cross-section is moving along the cylindrical surface. The acceleration magnitudes and residence-time magnitudes are similar to those for the stator.
There are many challenges that face the development of a technology to allow combustion in the stator passage: ignition in a high-acceleration flow; flame-holding in a high-acceleration flow; complete vaporization of liquid fuel, mixing, and combustion for a short residence time; hydrodynamic stability of a stratified flow with a large turning acceleration; increased demands for cooling of rotors and stators; and maintenance of an acceptable aerodynamic-force loading on the rotor blades. We focus our research first on the ignition and combustion issues and the hydrodynamic stability which can affect combustion because without successful combustion in the turbine burner, there is no need to address modifications of heat transfer and aerodynamics.
In the remainder of this paper, we first examine the literature concerning compact combustors (i.e., short residence times) and the use of cavities for flameholding. Then, we focus on combustion in accelerating flows in order to understand some fundamental issues that are critical to turbine-burner enabling technology. Classes of model problems will be treated in order of increasing complexity. We first examine the situation of mixing, ignition, and burning in a viscous shear layer (mixing layer) subjected to an accelerating pressure gradient. In the next section, we consider a free mixing layer with an imposed streamwise pressure gradient. Both laminar and turbulent cases have been examined, using the boundary-layer approximation. Then, we consider mixing layers within channeled two-dimensional flows for both straight channels with axial acceleration due to area change and curved channels with both turning and streamwise accelerations. All of these cases are in steady-state; Reynolds-averaged Navier-Stokes equations are used for the turbulent flow. In the section after the next, we discuss unsteady, twodimensional flows at Reynolds numbers in the transitional domain. The Navier-Stokes equations are used here to treat reacting mixing layers in straight channels, curved channels, converging channels, and simulated turbulent passages. In another section, we examine the use of flame-holding cavities with fuel and air injection directly into the cavity which is adjacent to the flow channel. Unsteady Navier-Stokes equations are solved in both two and three dimensions.
IV. Reacting Free Mixing Layer in Accelerating Flows.
Combustion in the turbine-burner passages will involve turning and stream-wise acceleration of the flow through the transonic range. There is a lack of fundamental treatment in the literature of multidimensional flows with mixing and chemical reaction in the presence of strong pressure gradients that support a transonic flow. For zero-pressure-gradient conditions, many investigators have considered reacting, multi-dimensional (laminar and turbulent) low-Mach-number mixing/ boundary layer flows using a wide variety of approaches. See, for example, Marble and Adamson [5] , Emmons [6] , Chung [7] , and Sharma and Sirignano [8] for laminar flows, and Patankar and Spalding [9] , and Givi et al. [10] for turbulent flows. A limited number of efforts have been made on reacting supersonic flows. See, for example, Buckmaster et al. [11] , Grosch and Jackson [12] , Jackson and Hussaini [13] , Im et al. [14, 15] and Chakraborty et al. [16] . For a two-dimensional, laminar, nonreacting boundary layer over a solid body with a pressure gradient, similarity solutions were obtained by Li and Nagamatsu [17] , Cohen [18] , and Cohen and Reshotko [19] solving the momentum and energy equations transformed by the Illingworth-Stewartson transformation [20] [21] [22] .
Our research on laminar reacting, accelerating mixing-layer flows resulted in two studies. Infinite chemical kinetic rate and a reaction zone of zero thickness were assumed by Sirignano and Kim [23] who reduced the partial differential equations to a system of ordinary differential equations, and obtained similarity solutions for laminar, two-dimensional, mixing, reacting and non-reacting layers with a pressure gradient that accelerates the flow in the direction of the primary stream. See Fig. 11 . By constraining the relationship between the two free stream velocities, a similar solution for the two-dimensional, steady flow may be found. These similarity solutions, shown for temperature in Fig. 12 , offer some insight into the effect of flow acceleration on the flame structure in the mixing layer. However, they are only valid for restricted classes of flows with particular pressure gradients. Moreover, they cannot predict the ignition process close to the trailing edge of the splitter plate. The similar solution with the infinite-kinetics-rate assumption, only applies to the fully established diffusion-controlled downstream flame region. Due to variable density and speed of sound, the flow can change between subsonic and supersonic domains in the transverse direction. (See, for example, Fig. 13 ). In the second study on laminar mixing layers [24] , finite one-step chemical-kinetic rates were considered and non-similar solutions were obtained by numerical integration of the steady-state 2D PDEs obtained through the dp / dx < 0 boundary-layer approximation. So, both the ignition process and the established flame were examined. While the analysis was motivated by applications to the gas turbine engine, the approach was to address an idealized problem that had the critical features of mixing and chemical oxidation in a gaseous flow that is accelerating through the transonic range. A mixing layer was considered rather than a channeled elliptic flow field in order to simplify the calculations. Similarly, one-step chemical kinetics was taken even though some error occurs when the same scheme is used for both ignition and the established flame. Methane was taken as the fuel since its properties are well documented and it does have application for some ground-based gas turbine engines. Laminar flow was considered. In the first problem considered, these gross simplifications can still produce some useful results and insights; some salient characteristics of the flow can be identified with this simplified model.
Methane gas flowed on one side of the mixing layer with heated air or vitiated air on the other side. So, the chemical balance is described by
The chemical kinetic rate is given as a one-step mechanism ω F = -
where Y, T and ρ represent mass fraction, temperature and density; E, A, a, and b are constants; and subscripts O and F denote oxygen and fuel. Peak temperature in the mixing layer decreases with downstream distance. This implies that NO x formation would be less than that which occurs in a flow without acceleration. Mixing and exothermic chemical reaction occurs in the accelerating flow through the turbine passage. For laminar flows, the mixing layer remains very thin. For the accelerating flow, the reduction of peak temperature offers, therefore, an opportunity for a major technological improvement.
A wide range of accelerations, initial pressures, and temperatures were considered. Sensitivities to transport properties and kinetic parameters were determined. Ignition delays were affected substantially by some of the parameters. Comparisons with the similar solution [23, 24] are made in Fig. 12 ; it is seen that agreement is good except for the reaction zone. Obviously, the maximum temperature occurs in the reaction zone, which has zero thickness for the similarity solution causing a cusped profile. The region of higher temperature will have a reduced gas density. Consequently, for the given pressure gradient, the low density, high temperature gas will accelerate more than the surrounding gas, producing a velocity over-shoot as indicated in Fig. 13 . However, the high temperature region also has a higher speed of sound. Therefore, in spite of its higher velocity, it can have a lower Mach number than the surrounding gas. This result is indicated in the Mach number contour plot of Fig. 14 . In fact, the reaction zone can have a subsonic flow while the surrounding gas is supersonic. The importance of pressure gradient and initial pressure is shown in Fig. 15 . A finite-difference method was developed [24] for solving the two-dimensional mixing layer equations with chemical reaction without the use of the similarity assumption. We first compared computational results with the similarity solutions [53] , and then extended our computations to non-similar cases in order to examine the ignition and combustion processes in a general accelerating mixing layer. Fig. 13 . Stream-wise velocity profile for reacting, accelerating mixing layer [24] .
Stream-wise transport rates were found to be much smaller than lateral transport rates thereby justifying the use of the boundary-layer approximation for the mixing layer. Reference 25 extends the works of References 23 and 24 by considering a two-equation model of turbulence for the accelerating, transonic, reacting mixing-layer mean flow with gaseous fuels. The boundary-layer approximation is maintained in this work. The ignition delay, mixing-layer thickness, flame temperatures, and velocity profiles are determined for a wide parameter range, including pressure gradient magnitudes and upstream velocities. Ignition delays and locations and standoff of the established flame zones were predicted. Temperature and oxygen contours are seen in Fig. 16 .
A premixed region occurs near the leading edge of the flame as oxygen diffuses across to the fuel side. Some distance from the trailing edge of the splitter plate is required before ignition occurs (ignition delay) and a flame is established. The turbulent boundary layer thickness grows faster downstream than does the laminar thickness. Qualitative similarities do exist between the laminar and turbulent cases with regard to temperature, mass fractions, velocity, and Mach number profiles. 
V. Reacting, Accelerating, Turbulent Channel Flows with Mixing Layer
A key to the turbine-burner is the mutual interaction between the combustion processes and the flow through the turbine blade rows. Although there has been much work on computation of reactive flows, there is none on high-acceleration reactive flows in turbomachines. We examine therefore reacting flows that are accelerated through channels and passages. We continue with mixing-layer configurations first.
Turbulent reacting methane-air mixing-layer flows in ducted channels have been modelled by both a Baldwin-Lomax algebraic model [26] and a two-equation k-omega model [27] . The flow variables are averaged across the span-wise direction with a varying span along the flow direction that results in the cross-sectional area change which produces the stream-wise pressure gradient. Here, the boundary-layer approximation was no longer made. That is, fully elliptic, quasi-two-dimensional, Reynolds-averaged Navier-Stokes equations are considered. The fuel is injected at the upstream end of the channel between two air streams. So, diffusion flames are established on both sides of the fuel stream. Also, turning channels were considered. This introduces a transverse acceleration as well as the stream-wise acceleration. Various turbulent results indicate that ignition can occur and a flame can be held in these high-acceleration, turbulent turning or straight channel flows.
The boundary-layer approximation was used in parallel computations for the same configurations and the results compared well with the elliptic calculations. Two curved channels with different curvature radii were compared with the straight channel. Transverse accelerations up to 10 5 g were examined. Flames were maintained in all cases but velocity and scalar profiles varied significantly.
VI. Reacting, Accelerating, Transitional Channel Flows with Mixing Layer
Computational analysis by Cheng et al. [28] [29] [30] has addressed transitional accelerating (and nonaccelerating), reacting (and non-reacting) flows using direct numerical simulation (DNS) of the Navier-Stokes equations and allowing time-dependent computation. Again, the flow variables are averaged across the span-wise direction with a varying span along the flow direction that results in the stream-wise pressure gradient. Gaseous methane fuel flows parallel to air at the inlet. The unsteady mixing layer has been analyzed without the boundarylayer approximation so that upstream influence may occur. The instability of the mixing layer and its effect on mixing rates has been demonstrated. The conclusion is that the flow through the simulated vane passage is unlikely to be close to fully developed turbulence. So, Reynolds-averaged and Favre-averaged approaches should be abandoned. Rather, DNS and, where necessary because of resolution issues, large-eddy simulations (LES) should be used.
For these studies, Cheng et al. developed a finite-difference numerical method for compressible, multicomponent, reacting flows for a generalized coordinate system. The two-dimensional coordinates x and y are transformed into generalized coordinates ξ and η , which need not be orthogonal to each other. This transformation is used for ease of treating curved walls and non-uniform meshes. The inviscid flux is discretized using a fluxsplitting algorithm with a second-order upwind TVD scheme to suppress overshoots. Second-order central differencing is used for the viscous flux and a second-order Runge-Kutta multistage scheme is used for time marching. The code is capable of capturing shock waves. It has been validated using comparison with exact solutions in specific test cases and with certain experimental data on unsteady mixing layers [28] .
The Cheng et al. study has given attention to the effects of various instability types: Kelvin-Helmholtz (KH), Rayleigh-Taylor (RT), and centrifugal. The KH instability results from the injection of a fuel stream into the hot oxidizing gas with a relative velocity while the RT results in turning flow due to the different densities of the fuel stream, the oxidizing stream, and the product stream. The centrifugal instability can result at specific angularmomentum distributions. Rayleigh [31] showed that a necessary and sufficient condition for stability with axisymmetric disturbances to a two-dimensional, inviscid, uniform-density, curved flow is that the square of the angular momentum (product of velocity and streamline radius of curvature) does not increase with radial position. So, if our curved channel has a faster stream on the outer side of the curve, this would be de-stabilizing due to the centrifugal instability. If the outer stream is hot and less dense as well as faster, we can have both RT and centrifugal instability in addition to, of course, the Kelvin-Helmholtz instability. While it is a three-dimensional phenomenon in the pure form, the angular momentum criterion can modify the KH instability in two dimensions.
Computations have been performed for reacting mixing layers with turning acceleration [29] and with both turning and stream-wise acceleration [30] . Figures 17a and 18 show temperature contours for calculations with hot air flowing on the outside of the curve while cold methane gas flows on the inside. Figure 17b shows the vorticity contours. In those cases, there is hot, oxidizing gas flows on the outer side of the mixing layer with cold hydrocarbon gaseous fuel on the inner side. In this case, we expect some Rayleigh-Taylor instability due to the density gradient as well Kelvin-Helmholtz instability [31] . Centrifugal instability can also occur which is not dependent on density variation but rather on stream-wise velocity variation in the transverse direction. Instantaneous temperature for reacting mixing layer in curved, converging channel.
Computational studies [30] have also been performed on non-premixed flows in accelerating and turning channels which simulate the turbine stator passage. A mixing layer flows into the simulated stator passage; hot oxidizing gas flows on one side of the mixing layer with cold hydrocarbon gaseous fuel on the other side. Cavities have not yet been used in those two-dimensional, unsteady flows where the fluid accelerates from low subsonic speeds to low supersonic speeds, undergoing transition to turbulence. These computations have shown that the reacting flow in the passage results in greater turbulent kinetic energy and mixing as compared to the non-reacting case. Fig. 19 shows a calculation in a channel shape that represents an actual stator passage, including space between the stator and rotor. The same type of behavior as seen in the converging-diverging channel occurs. So, this finding gives evidence of the value and relevance of the experimental studies that will be discussed later. Cheng et al. [28] [29] [30] have shown that the reacting flow in the passage results in greater turbulent kinetic energy and mixing as compared to the non-reacting case. Our explanation is that, in the mixing layer velocity and density profiles for the reacting case, there will be a minimum of density value and a maximum of velocity value which increases the number of inflection points and intensifies the instability. The KH instability is the major effect while the RT and centrifugal instabilities can add or subtract to the effect of the KH instability, depending on whether the flow on the outside of the curved channel contains the faster or slower and more dense or less dense stream. (The "outside" of the curved channel flow means the flow adjacent to the simulated pressure side of the stator vane while the "inside" of the curved channel flow means the flow adjacent to the simulated suction side of the stator vane.)
Centrifugal acceleration is an important phenomenon in the high-g flow through a turbine burner. Limited research has been performed on the centrifugal effect on combustion. The computational analyses [26] [27] [29] [30] considered turning flows with high centrifugal accelerations, as discussed above.
VII. Recent UCI Computational Research on Turbine-Burner Configuration
The UCI Program addresses the two-way coupling between combustion processes and fluid dynamical phenomena associated with burning liquid fuels in high-speed, accelerating and turning turbulent flows of the type projected for turbine-burners. There is a need to understand the effects of high accelerations in the stratified flow on the turbulent mixing and flame-holding, with emphasis on the role of a wall cavity. Experiments and computations have improved the scientific understanding of the effects of wall contours on the combustion. Flame-holding and the amount of fuel burned can be varied by considering several fuel and air injection strategies with different cavity dimensions and locations. The Reynolds numbers of interest are in the transitional range.
Computations have been performed for reacting and non-reacting flows in channels with and without crosssectional-area change, adjacent cavity, and centerline curvature. So, evaluation has been made of the effects of stream-wise acceleration, turning flow, and a cavity on mixing, and the effect of fuel injection into the cavity on mixing and flameholding. Experiments have been performed for reacting and non-reacting accelerating channel flows with an adjacent cavity. Both gaseous and liquid fuels have been injected into the cavity. The research has been supported by the AFOSR.
A. Analysis on Two-dimensional Non-Reacting Flow past a Cavity.
Calculations were first performed for non-reacting flow over a cavity in a straight channel. The flow here is incompressible and isothermal. The boundary conditions are constant, uniform inlet velocity; no-slip at all of the walls; constant, uniform pressure at the exit; Lagrangian derivative of velocity is zero normal to the exit.
For flow over a cavity, Rossiter [32] has described a feedback mechanism between the flow field and the acoustic field and derived a semi-empirical formula for the frequencies of the periodic vortex shedding at the cavity leading edge:
(1) (2) where St is the Strouhal number, n is the mode number of oscillation, f the frequency, L the cavity length and U the free-stream velocity. C is a correction factor, M is the Mach number, and κ is the ratio of the convective velocity of the vortices to the free-stream velocity. This feedback mechanism is referred to as a shear-layer mode mechanism. For cavities with higher length-to-depth ratios L/D, a different mode of oscillation, known as the wake mode, was observed by Gharib and Roshko [33] . Figure 20 shows a Rossiter mode which is found for cold flow in deep cavities without injection. These periodic modes have not been seen for shallow cavities, cavities with injection, or reacting flows.
Figure 20. Rossiter modes.
Colcord and Sirignano [34] have considered low Mach number two-dimensional, unsteady flow over cavities. For cavity L/D ranging from 1 to 2 and in the Reynolds number range from 5000 -40,000, the results have shown Strouhal numbers that closely match Rossiter's formula for n equal to either 1, 2, or 3. It remains unclear which mode number will be selected for a given configuration. For cavities with L/D of 4, a wake mode is observed for Re from 5000 -10,000. It is also observed that the vortex interaction inside the cavity and the influence on the main channel flow increases with L/D, as shown in Fig. 21 . Square-cavity results agree with the experimental results of Sarzi-Amade et al. [35] .
Colcord and Sirignano [36] considered gaseous injection into a cavity at a steady rate. Unsteadiness is found to occur at Re as low as 950. The Strouhal number is seen to be close to a constant value of 2.0 for Re from 5000 to 10,000 and cavity (length/ depth) aspect ratios of L/D = 1.0 and 2.0. It appears that the injection disrupts Rossiter's feedback mechanism and the oscillation frequency is instead determined by the interaction between the jet and shear layer instabilities. Rossiter's formula no longer applies. In 3D computations, the round jet flowing into For a cavity with a length-to-depth ratio of 2, the flow is found to be steady at Re = 2000 and unsteady at Re = 3000. Results without injection at higher, unsteady, Reynolds numbers for different cavity sizes are summarized in Table 1 . The length L and depth D of the cavity are normalized by the height of the channel, and the Reynolds number is based on the channel inlet height and velocity. The Strouhal number is calculated from the dominant observed shedding frequency, which correlates to the n-th Rossiter mode. For the cases with L = 2, D = 0.5, wake modes were observed and Rossiter's formula does not apply.
Significant differences between the shear-layer mode and the wake mode can be seen in the vorticity contours of Figures 21a and 21b . The inlet Reynolds numbers are the same for these two cases. Fig. 21a shows a case with a square cavity of L/D = 1. A single large vortex fills the cavity and the vorticity in the shear layer is confined to the boundary layer downstream of the trailing edge of the cavity. With L/D = 4, a wake mode develops as shown in Fig. 21b . Here, a large vortex can be seen forming near the leading edge of the cavity, while an ejected vortex can be seen downstream of the cavity. This vortex is ejected far enough into the channel to affect the boundary layer on the top wall. These non-reacting flows without injection indicate that the aspect ratio of the cavity will have a significant impact on the fuel-air mixing in the cavity. A cavity with a higher aspect ratio is expected to promote mixing better than a deep cavity.
When air is injected steadily into the cavity from the upstream wall, unsteadiness is found to occur at Re ≅ 950. Without injection, the flow is steady at Re=2000. The mass flow of fluid injected into the cavity is 10% of the mass flow in the main channel. Simulations of the same injection flow rate into a quiescent field show that the jet alone is steady, implying that there is a coupling between the channel flow and the injection that causes transition to unsteady behavior to occur at lower Re. With the mass ratio fixed at 10%, the Strouhal number is seen to be close to a constant value of 2.0 for Re = 5,000 -10,000 and for two aspect ratios of L/D = 1.0 and L/D = 2.0.
B. Analysis on Two-Dimensional Reacting Flow past a Cavity.
Colcord and Sirignano [34] also examined two-dimensional, low Re number reacting results (Re < 2000) with gaseous heptane injected into the cavity. This study has shown that, with gaseous heptane fuel injected at stoichiometric proportions from the upstream wall of the cavity, the flame becomes unstable at Re ≈ 2000. The unsteadiness increases the mixing and the amount of fuel burned. The calculations showed that, for low Reynolds numbers, a single diffusion flame is present, anchored in the shear layer crossing the cavity. After a sufficient time, all of the oxidizer in the cavity beneath the flame is consumed, limiting the amount of fuel burned. With this configuration, injecting additional air into the cavity creates a secondary flame and has a significant effect on the burning efficiency. The location of the injection point also affects the burning efficiency, with injection from the upstream cavity wall providing the highest combustion efficiency of those considered.
A new compressible-flow code was employed for the reacting-flow studies while an incompressible code had been used for the non-reacting studies of the previous sub-section. The combustion of gaseous n-heptane is described by a one-step overall chemical reaction: Gaseous heptane is injected into the cavity at an overall equivalence ratio of 1.0 with the air flowing into the main channel. The air inflow and fuel injection temperatures are 1000K and 300K, respectively. For longer cavities and lower Reynolds number, the air temperature is sufficiently high for spontaneous ignition without any additional heat source. Otherwise, an added igniter is required. The walls of the channel and cavity are isothermal, fixed at 600K. At an inlet Reynolds number of 1000, and with fuel injected from the center of the upstream wall of a cavity with L/D = 2, as shown in Fig. 22 , 32% of the injected fuel is burned before exiting the channel. This is a slight increase over the burning efficiency of 28% achieved by injecting directly into a channel without a cavity. In the case with the cavity, the flow above the flame and the flame itself is steady. Some unsteadiness still occurs inside the cavity and in the boundary layer beneath the flame.
The burning efficiency is defined globally, based on the total fuel burned and injected:
The mixedness parameter is defined locally as: For the same cavity size and injection configuration but with Re = 500, the burning efficiency increases to 34% due to the increased residence time in the channel. Burning efficiency also increases when the Reynolds number is increased to 2000, despite a decrease in the residence time. This is because the downstream portion of the flame has become unsteady, as shown in Fig. 23 , resulting in greater mixing. In this case, 61% of the fuel is burned before leaving the channel. Although the flame has become unsteady downstream, the anchor point of the flame is still stable. Fuel injection from the downstream wall of the cavity was also considered for Re = 1000. In this case, the combustion efficiency decreased to 22%. The two-dimensional approximation means that the injected fuel acts as a sheet rather than a jet. When fuel is injected from the upstream wall of the cavity, the oxygen initially in the cavity is quickly burned and replaced with combustion products. Since the fuel acts as a sheet, inflowing air cannot flow around the fuel into the cavity, but instead must diffuse though the fuel. This limits the locations where fuel and oxidizer can react, lowering the combustion efficiency. Fig. 24 shows the temperature contours when additional air is injected from the bottom and downstream walls of the cavity for the case with upstream fuel injection at Re=1000. A secondary flame is established in the cavity and the combustion efficiency increases to 35%. Figs. 26(a) and Fig. 26(b) , respectively. The efficiencies are plotted against time, beginning at 15s, the time at which the time-averaging of the efficiencies was started. This startup time allows fuel and air to be injected into the cavity, to mix, ignite, and reach a state where the time-average of the efficiency does not depend on the starting time. Without this initial startup time, the cavity can still be filling with fuel, which gives an inaccurate value for the efficiency. Note that the 15s startup time represents close to 200 channel residence times, and the majority of that time is calculated using a much coarser mesh to save on computational time. Fig. 26(b) shows that, for the 200 × 050cavity, the efficiencies for three of the four cases have reached relatively steady values after 0.25s, with only minor fluctuations in their values. The parallel injection configuration, however, shows a steady increase with time, indicating that a longer calculation time is required to get a converged combustion efficiency for this case. The parallel configuration is also the only one without significant highfrequency oscillations and appears to be steady or varying very slowly with time. This result likely occurs because it is the only configuration without any injection ports facing upstream so that relative velocities are reduced. The three other configurations do not vary significantly in their combustion efficiencies, but there is a reasonably clear ordering, with the reinforcing configuration having the highest efficiency followed by the opposing configuration 22 and finally the disrupting configuration. Fig. 26(a) gives the same information for the 100 × 050 cavity. For this shorter cavity, the injection configuration has a much greater effect on the combustion efficiencies. This is because the injection influences a larger proportion of the cavity. The parallel configuration again shows little sign of high frequency oscillations and is relatively steady. However, with this cavity size the disrupting configuration is also relatively steady. These two configurations have the two lowest combustion efficiencies because of the lack of unsteady behavior promoting mixing. Again, the reinforcing and opposing configurations have the two highest efficiencies, although with this cavity size the opposing configuration has the higher efficiency.
Instantaneous velocity vectors inside the cavities are shown in Fig. 27 for the 200 × 050 cavity. With the exception of the parallel injection, the three other configurations show a dominant large vortex in the downstream half of the cavity. The reinforcing injection, which has the highest burning efficiency, has two additional vortices in the cavity, one upstream and one downstream. The opposing configuration has only the upstream vortex, while the disrupting injection, which has the lowest burning efficiency of these three has no additional vortices. This suggests that these additional vortices have a significant impact on the burning efficiency. The effect of the injection configuration has a greater effect on the combustion efficiency at higher Reynolds numbers, as seen in Fig. 28 for Re = 5000. Here, the disrupting and opposing configurations have significantly higher efficiencies than the parallel and reinforcing configurations. The air injection port is close to the top of the cavity, in the opposite direction to the channel flow, for the two cases with higher efficiencies. For the other two cases, the air injection port is near the bottom of the cavity where the velocity is low. Table 2 shows the final values of the combustion efficiencies. The disrupting and reinforcing configurations show an increase in efficiency after doubling the length of the cavity, whereas the other two configurations show a decrease. It is therefore inconclusive as to which cavity size gives the best efficiency. Similarly, increasing the Reynolds number increases the combustion efficiency for two of the four cases. Table 2 . Summary of combustion efficiencies for 2D straight channels.
C. Analysis on Three-Dimensional Reacting Flow Past a Cavity.
In the three-dimensional calculations, both of the z-direction boundaries are symmetry planes so that the calculations model an infinite array of injectors. The injection ports are square with a symmetry plane along their center. This allows Cartesian coordinates to be retained, thus improving the efficiency and accuracy of the calculation by eliminating any non-orthogonality in the mesh. The center-to-center spacing of the injection ports is three times the injector dimension. The channel inlet conditions are kept the same in the two-and three-dimensional calculations. The mass and momentum ratios between the main channel flow and the fluid injection into the cavity are also kept constant.
A comparison of the combustion efficiencies obtained from the 2D and 3D results are shown in Fig. 29 . The three-dimensional calculations give higher combustion efficiencies than the two-dimensional results for both of the configurations, with an increase of approximately 10% in both cases. The time-averaged combustion efficiency for the disrupting injection levels out quickly and is stable for the latter half of the calculation. However, the reinforcing configuration continues to increase throughout, indicating that it has not yet stabilized. Despite the final value not being stable, the reinforcing injection appears to have a higher efficiency than the disrupting configuration, as was seen with the 2D calculations. Two-dimensional calculations for cavities in turning channels were performed for all four injection configurations. The centerline arc length of the channel was kept the same as the straight-channel case, and the channel was turned through up to 90 degrees. The simulation was repeated with the cavity on the inside and the outside of the curved channel.
Channel curvature adds additional instability mechanisms that are not present in straight-channel simulations. In two dimensions, Rayleigh-Taylor and centrifugal instabilities can be present. Rayleigh-Taylor instabilities occur where a force acts normal to a density gradient and is unstable where the force acts in the direction opposite to the positive density gradient. Since the fuel injected into the cavity is more dense than the channel vitiated air, but the combustion products are less dense, it is unclear a priori which cases are more susceptible to Rayleigh-Taylor instabilities.
Centrifugal instabilities can occur due to the dynamical effects of rotation or of streamline curvature. Rayleigh's circulation criterion [59] states that a necessary and sufficient condition for centrifugal stability is that Ψ ≥ 0 everywhere, where Ψ is the Rayleigh discriminant defined by Fig. 31 shows the computed variation of the angular velocity squared for one channel cross-section just downstream of the cavity. If this quantity increases everywhere then it is centrifugally stable. Slip is allowed on the channel wall opposite from the cavity. With the cavity on the inside of the channel, there is a small decrease away from the inside wall of the channel, close to the cavity. With the cavity on the outside, there is a significant decrease in this quantity near the outside of the channel, again close to the cavity. While both cavity locations show a decrease in the Rayleigh discriminant, the case with the cavity on the outside has a more significant decrease and is expected to be more centrifugally unstable. Fig. 32(a) and Fig. 32(b) show the time-averaged combustion efficiencies of turning channels with the cavity on the inside and on the outside, respectively. The same scale is used in both figures to highlight that the case with the cavity on the outside has a higher combustion efficiency for all injection configurations. The straight channel results fall between the two curved channel results shown here. The ranking of the injection configurations is not consistent for the three different geometric configurations. Clearly, the injection location is of secondary importance to the location of the cavity. Since the channel centerline arc length is fixed, the distance along the channel wall from the cavity to the exit is greater with the cavity on the outside. Coupled with the fact that the freestream velocity is lower on the outside, there is a significant increase in the residence time with the cavity on the outside. This increased residence time is likely the primary reason for the increased combustion efficiency seen in Fig. 32(b) . Fig. 33 shows the final time-averaged combustion efficiencies for all four injection configurations. Negative turning angles represent cases with the cavity on the inside of the channel curvature, while positive angles represent the cavity on the outside. Both 60-and 90-degree turning angles are considered for each location and for all four injection configurations. There is a clear improvement from having the cavity on the inside to the cavity on the outside. As discussed above, this trend occurs because the case with the cavity on the outside has a longer residence time. Only the disrupting and reinforcing injection configurations have been considered for the converging channel calculation. The opposing injection configuration is not considered because previous results indicate that the combustion efficiency falls between the disrupting and reinforcing configurations. This makes the opposing configuration less interesting than the disrupting and reinforcing configurations. Three area convergence ratios of 2:1, 4:1, and 10:1 were considered. Here, the ratio is between the channel height at the inlet and the channel height at the exit. All of the channels converge linearly. Fig. 35(a) shows the combustion efficiencies of the disrupting injection cases. Here, it is clear that combustion efficiency increases with the convergence ratio. There is a significant improvement in efficiency from the non-converging channel to the 2:1 ratio converging channel, and the three converging channels all improve in efficiency as the convergence ratio increases. This occurs despite a decrease in the residence time of the channel, meaning that more fuel is burned in a shorter time.
The reinforcing injection configuration also shows an increase in combustion efficiency with convergence ratio, as seen in Fig. 35(b) , but the trend is not as clear. Note that the converging channel cases were calculated over a longer time period since the time-integrated combustion efficiency was still varying. Even after doubling the calculation time the efficiency has still not completely stabilized. The non-converging channel and the 2:1 convergence ratio have the lowest efficiencies, both approximately 80%, with the 2:1 converging channel having a slightly lower final efficiency. Three-dimensional channels with convergence ratios of 4:1 and 10:1 were considered for 200x050 cavities. Only the disrupting injection was considered here because it has shown greater three-dimensional effects in the previous 3D simulations. Fig. 36 shows the time-averaged combustion efficiencies of the 3D simulations in nonconverging and converging channels with disrupting injection. Interestingly, the trend here is opposite to that seen in the 2D converging channels. The non-converging channel has the highest efficiency and the efficiency decreases as the convergence ratio increases. This situation can be explained by considering the two main effects of increasing the channel velocity via channel convergence. Firstly, the local Reynolds number over the cavity increases, which improves mixing. This by itself tends to improve the combustion efficiency. Secondly, the residence time in the channel decreases, which tends to decrease the combustion efficiency. The non-converging channel calculations showed that the 3D cases had significantly higher mixing in the cavity than the 2D cases. Since cavity mixedness is already high in 3D cases, the decreased residence time has a greater effect and combustion efficiency decreases as the convergence ratio increases. 2D cases, however, benefit from the improved mixing created by the acceleration. A more realistic representation of an actual turbine passage is a channel that turns and converges, creating acceleration in both the axial and the transverse directions. Here, we consider channels turning through 90 degrees with a 10:1 convergence ratio for the disrupting and reinforcing injection configurations. Fig. 37(a) shows the comparison of the combustion efficiencies for all of the 2D, converging cases with disrupting injection. The straight channel gives the highest efficiency and the cavity on the outside gives the lowest, contrary to the 2D non-converging results. Compared with the equivalent non-converging cases, the converging channels show an improvement in combustion efficiency for all 2D configurations. This increase occurs because there is more mixing in the cavity due to a higher local Reynolds number. As described above, the channel on the outside has a longer residence time,resulting in a higher efficiency in non-converging channels. In converging channels, the residence time decreases for all cases, but has a greater effect on the case with the cavity on the outside because a larger fraction of the reaction occurs in the boundary layer. Fig. 37(b) shows an identical trend in the combustion efficiencies for the cases with reinforcing injection as with disrupting injection. Again, convergence increases the combustion efficiency for all injection configurations, but more significantly when the channel is straight or the cavity is on the inside. The final combustion efficiency changes very little between the non-converging and converging cases when the cavity is on the outside. The combustion efficiencies for all of the 2D channel cases are summarized in Table 3 . Table 3 . Summary of combustion efficiencies for 2D channels.
I. Analysis on Three-Dimensional Reacting Flow Past a Cavity in a Turning and Converging Channel.
Three-dimensional calculations were performed for 90-degree turning channels with convergence ratios of 10:1 and disrupting injection. The combustion efficiencies with the cavity on the inside and outside are compared with the converging, non-turning channel case in Fig. 38 . Here, the cavity on the outside gives the highest burning efficiency and the cavity on the outside has the lowest.
The final combustion efficiencies for all 3D cases are summarized in Table 4 . Channel convergence decreases the combustion efficiency in all cases except for the case with the cavity on the inside of a turning channel. In both 2D and 3D, the non-converging channel with the cavity on the inside performs poorly compared to other configurations. However, the same cavity location in a converging channel causes the combustion efficiency to increase. In 2D, this increase was more than 20%. The increase is not as significant in 3D, but considering the case with the cavity on the outside of the channel dropped more than 10%, the 5% increase with the cavity on the inside is substantial. This increase with convergence when the cavity is on the inside is due to two factors. Firstly, channel convergence increases the local Reynolds number and turbulent mixing regardless of the location of the curvature or cavity location. Secondly, when the cavity is on the inside, the higher-speed channel flow curves does not enter the cavity, essentially increasing the size of the low-speed mixing region. Table 4 . Summary of combustion efficiencies for 3D channels.
IX. Concluding Remarks
The turbine burner holds promise as a major technological advancement for gas-turbine engines. The thermal cycle analysis for augmentative combustion in the passages of the turbine on a turbojet or turbofan engine shows the potential for large percentage improvements in engine performance. Various types of compact combustors have been studied and can be used as augmentative combustors between turbine stages. These will achieve some performance improvement. Augmentative combustion integrated with the turbine function could achieve even higher performance levels but the challenges are substantial based on several factors, including millisecond residence times and flow acceleration levels at 10 5 g. The processes of combustion in flows with extremely high levels of streamwise accelerations and turning rates present a new fundamental area of combustion science.
We have computational results that encourage us to believe that ignition and flame-holding is achievable in the high-acceleration flow of a turbine burner: A recent review [39] shows that experimental evidence also exists. It should be possible with the use of cavities to obtain the necessary residence times. Aeration of the liquid fuel streams can be helpful. It might be possible to rely on autoignition due to the hot products and air mixture following through the turbine burner. If not, spark ignition and pilot flames are possibilities.
There has been significant theoretical and computational research on reacting mixing layers in accelerating flows and flameholding in high-speed flows. Three hydrodynamic instabilities are shown to be relevant: KelvinHelmholtz instability, Rayleigh-Taylor instability, and the centrifugal instability related to the gradient of angular momentum. Useful work on the stabilization of flames in accelerating and turning flows has taken several other forms: two-dimensional computations for Reynolds-averaged turbulent flow through straight and turning channels; quasi-two-dimensional representations of reacting, converging (and converging/ turning) channel flows; and twoand three-dimensional computations for time-dependent transitional flows through passages for cases with and without cavities. Various configurations for injection of fuel and air into the cavity have been examined and compared. Measures for burning efficiency and mixedness have been developed to compare these configurations. The best performance occurs with parallel injection for fuel and air according to the two-dimensional computations. Rossiter modes for the interface flow between the cavity and the channel do not occur for the reacting cases.
More details on these most recent computations can be found in References 38 and in future journal publications. Related experiments are summarized in References 39-47.
Experiments and computations are needed with choked exit nozzle, higher pressures in the channel, and liquid fuel injection into the cavity. Better understandings of flame holding, mixing efficiency, and burning efficiency in these configurations are the goals.
